MATERIALS AND METHODS

Plant materials
Edible Opuntia cladodes (Opuntia 'Maya') averaging 15 cm in length, 7 cm in width, and 1 cm in thickness were harvested at a commercial cactus farm (Goto saboten) in the Aichi Prefecture, Japan, in July of 2015. Cladodes were transported under dry conditions to our laboratory within 1 h and were then trimmed to a length of 13 cm.
Treatments Opuntia cladodes were cultivated using a two-layer hydroponic system (Churitsu Electric Co., Japan) in a closed-type plant factory (Fig. 1) . OAT House solution A (OAT Agrio Co., Ltd., Japan), with an electrical conductivity of 2 dS m 1 , was prepared by dissolving 150 g of OAT House 1 and 100 g of OAT House 2 in 100 L of water and was used as the hydroponic nutrient solution. Cladodes were transplanted into cultivation panels (88 cm long 57 cm wide 4 cm high) with a 4.5-cm spacing between the plants and inter-row spacing of 4 cm and floated on nutrient solution in cultivation beds (90 cm long 60 cm wide 8 cm high). The light sources were red and blue LEDs (Churitsu Electric Co., Japan). Cladodes were then retained under constant light as follows: red light, peak emission at 660 nm (red); blue light, peak emission at 440 nm (blue); and simultaneous irradiation with red and blue light (red blue), all at a photosynthetic photon flux density of 180 mol m 2 s 1 . The temperature and relative humidity were maintained at 28°C and 60 80%, respectively.
The number of daughter cladodes and length of the first daughter cladodes were measured weekly. Daughter cladodes were harvested when they reached a height of 16 cm, and then their weights were measured. We also counted the number of areoles that had spines to calculate the spine occurrence on daughter cladodes as follows: spine occurrence (total number of areoles with spines longer than 1 mm)/(total number of areoles). When a mother cladode had multiple daughter cladodes, the mean spine occurrence was calculated.
Experimental design and statistical analysis Twelve cladodes were used for each treatment (red, blue, and red blue). Ten cladodes from each treatment were used to calculate spine occurrence on daughter cladodes. All experiments were repeated twice. The data were subjected to analysis of variance, and differences across means were determined using Tukey's test, with significance defined as P 0.05.
RESULTS
Changes in the length of first daughter cladodes and number of daughter cladodes
In all treatments, daughter cladodes developed from mother cladodes, although the width of daughter cladodes under red light was slightly less than that of daughter cladodes under other treatments (Fig. 2) . In all treatments, the first daughter cladodes developed from mother cladodes during the first 2 weeks and continued to elongate until harvesting (Fig. 3A) . The speed of elongation was the highest in cladodes under red light treatment and lowest in those under blue light treatment. Growth speed was intermediate in cladodes under simultaneous irradiation with red and blue light. The number of daughter cladodes did not significantly differ between treatments until 5 weeks. By 6 weeks, the number of daughter cladodes increased in a Environ. Control Biol. manner similar to that of the length of first daughter cladode (Fig. 3B ). The number of daughter cladodes became significantly higher than that of other treatments after 6 weeks, and that of cladodes under blue light became the lowest; the number of cladodes under simultaneous irradiation with red light and blue light became intermediate between the other two treatments.
Average and total fresh weight of daughter cladodes
The average fresh weight (FW) of daughter cladodes under blue light and simultaneous irradiation with red and blue light was higher than that of those under red light, with no significant difference between blue and simultaneous irradiation treatments (Fig. 4A) . The total FW of mother cladodes under simultaneous irradiation with red and blue light became higher than that of those under blue light (Fig.  4B) and did not differ between other treatments.
Spine occurrence Figure 5 shows the occurrence of spines on daughter cladodes under each treatment. The number of spines was the highest in cladodes under simultaneous irradiation with red and blue light and the lowest in cladodes under red light. Cladodes under blue light had more spines than those under red light but less than those under simultaneous irradiation with red and blue light.
DISCUSSION
Hydroponic culture circumvents the expensive and time-consuming task of soil sterilization to prevent soilborne disease and enables precise fertilizer management (Wahome et al., 2011; Lakkireddy et al., 2012) . In this study, we observed that daughter cladodes developed from mother cladodes under all treatments and continued to grow (Fig. 2) , indicating that edible Opuntia can be successfully grown by hydroponic culture using the deep flow technique (DFT) as we reported before (Horibe and Yamada, 2016) . Our results also suggest that Opuntia cladodes can undergo C3 photosynthesis via daytime stomatal opening under constant light conditions, although it is not clear whether mother cladodes also undergo C3 photosynthesis. In addition, daughter cladodes in all treatments became relatively long and narrow compared with those commonly produced in the greenhouse (Fig. 2D) . Environmental conditions, including photoperiod, temperatures, and light wavelength, are reported to affect elongation growth of plant stems (Shibutani and Kinoshita, 1968; Hidaka et al., 2014) . Cladodes grown by DFT in a green house had shapes similar to those grown in a greenhouse (data not shown). Therefore, the constant light condition might have affected the elongation growth of daughter cladodes, resulting in their slender appearance.
Under blue light treatment, the speed of elongation growth of the first daughter cladodes became the slowest and the number of daughter cladodes was the lowest (Fig.  3) . Thus, compared with red light, blue light appears to suppress development of daughter cladodes. Growth suppression by blue light has been reported in many plants (Kigel and Cosgrove, 1991; Maas et al., 1995) . Blue light suppress hypocotyl growth of Arabidopsis through cryptochrome-mediated signal transduction (Zhao et al., 2007) . Zhao et al. (2007) showed that the amount of hypocotyl GA4 decreases after irradiation with blue light, resulting in the suppression of elongation growth. Thus, changes in the concentrations of plant hormones, such as gibberellin, in response to blue light treatment might be involved in the observed suppression of growth in daughter cladodes.
The width of daughter cladodes was smallest in those treated with red light (Fig. 2D) , resulting in the decrease of average FW of daughter cladodes (Fig. 4A) . However, due to the large number of cladodes with red light treatment (Fig. 3B) , the total FW of daughter cladodes harvested from one mother cladode did not decrease. The total FW of daughter cladodes was the smallest with blue light treatment because the number of daughter cladodes was less (Fig. 3B) . Therefore, red light is more effective than blue light in increasing cladode production.
Comparison of spine occurrence on daughter cladodes (Fig. 5) revealed that the number of spines on the cladodes were the highest on those treated with simultaneous irradiation with red and blue light and the lowest on those treated with red light alone. These results suggest that blue light has a stronger effect on spine development than red light. In addition, red and blue light might induce spine development via different signal transduction pathways as simultaneous irradiation with red and blue irradiation had the strongest effect on spine development. Phytochrome and photropin have been shown to interact with each other (Devlin and Kay, 2000; Hughes et al., 2012) ; such interaction might also affect the development of spines on cladodes. A number of beneficial functions have been ascribed to spines, including participation in zoochorous dispersal (Frego and Staniforth, 1985; Bobich and Nobel, 2001) , mechanical protection from herbivores (Norman and Martin, 1986) , shading of the stem (Nobel et al., 1986) , fog collection (Ju et al., 2012) , reflection of light (Loik, 2008) , and decreased water loss (Stintzing and Carle, 2005) . Thus, environmental factors, such as light intensity, photoperiod, temperature, and humidity, may affect spine development on Opuntia cladodes. Although little is known about the relationships between these variables, we have shown that light wavelength has a strong effect on spine development in Opuntia cladodes. The presence of spines diminishes the appeal of Opuntia to the consumer. Cultivation techniques that decrease the number of spines will increase the commercial value of edible cacti; we think that control of the light environment will be useful for this purpose. The effect of light intensity and photoperiod on spine development should remain of interest to this industry. The present study shows that edible cacti can be grown using DFT and that light wavelength strongly affects the growth and number of spines on daughter cladodes. Manipulating the light environment to promote daughter cladode growth and suppress spine development could improve the quality and production level of edible cacti. More studies are needed to further understand the relationship between the light environment and Opuntia development.
